Entry of herpesviruses depends on the combined action of viral glycoprotein B (gB) and the heterodimeric gH/gL complex, which are activated by binding of the virion to specific cellular receptors. While gB carries signatures of a bona fide fusion protein, efficient membrane fusion requires gH/gL. However, although gB and gH/gL are essential for entry, the alphaherpesvirus pseudorabies virus (PrV) is capable of limited cell-to-cell spread in the absence of gL. To understand gH/gL function in more detail, the limited spread of PrV-⌬gL was used for reversion analyses by serial cell culture passages. In a first experiment, an infectious gL-negative mutant in which gL function was replaced by generation of a gD-gH hybrid protein was isolated (B. G. Klupp and T. C. Mettenleiter, J Virol 73:3014 -3022, 1999). In a second, independent experiment PrV-⌬gLPassB4.1, which also replicated productively without gL, was isolated. Sequence analysis revealed mutations in gH but also in gB and gD. In a transfection-based fusion assay, two amino acid substitutions in the N-terminal part of gH B4.1 (L 70 P and W 103 R) were found to be sufficient to compensate for lack of gL, while mutations present in gB B4.1 enhanced fusogenicity. Coexpression of gB B4.1 with the homologous gH B4.1 resulted in strongly increased syncytium formation, which was further augmented by truncation of the gB B4.1 C-terminal 29 amino acids. Nevertheless, gH was still required for membrane fusion. Surprisingly, coexpression of gD B4.1 blocked syncytium formation in the fusion assays, which could be attributed to a V 106 A substitution within the ectodomain of gD B4.1 .
I nfection of susceptible cells by herpesviruses occurs by fusion of the viral envelope with the host cell plasma membrane or, after endocytic uptake, with the membrane of the endosome. For both processes a cascade of events has to be initiated, whose molecular details are still not completely understood. The conserved viral glycoprotein B (gB) and the heterodimeric gH/gL complex form the core fusion machinery and are required for fusion during virus entry and direct virus transmission to neighboring cells (reviewed in references 1 and 2).
In the alphaherpesviruses herpes simplex virus 1 (HSV-1) and pseudorabies virus (PrV), the cascade ultimately leading to membrane fusion is initiated by interaction of the essential viral attachment glycoprotein gD to specific host cell receptors. As shown for HSV-1, this results in a conformational rearrangement in gD. The C-terminal 50 amino acids (aa) of the ectodomain, which are tightly folded around the N-terminal part in the unbound state, are displaced by receptor binding, thereby opening the structure (3, 4) . This conformational switch is believed to signal, in a yetunknown manner, to the gH/gL complex, which in turn triggers membrane fusion catalyzed by gB (reviewed in references 1 and 2).
The crystal structures of HSV-1 gB and Epstein-Barr virus (EBV) gB are surprisingly similar to structures of the fusion proteins vesicular stomatitis virus (VSV) G and baculovirus gp64 (5) (6) (7) (8) . All three fusion proteins are characterized by an alpha-helical coiled-coil domain, similar to that in class I fusion proteins, and extended hairpins with fusion peptides, similar to class II fusion proteins, which led to the allocation of a new class of fusion proteins, designated class III (reviewed in references 1 and 2). In spite of the close structural similarity, in contrast to VSV G and baculovirus gp64, herpesvirus gB alone is not sufficient to induce efficient membrane fusion but depends on the presence of the gH/gL complex.
The role of the gH/gL complex, and in particular of gL, during membrane fusion is still unclear. Although gH has been proposed to act as a fusion protein (9) (10) (11) , the deduced crystal structures revealed no features of viral fusion proteins, and amino acid stretches which had been suspected as potential fusion peptides are deeply buried within the molecule, arguing against a direct role in merging of lipid membranes (12) . gL depends on interaction with gH for membrane association and virion incorporation due to the lack of a membrane anchor (13) (14) (15) (16) . It was long considered a chaperone for gH since it is required for correct folding, transport, and virion incorporation of gH in HSV-1 and EBV (13, 17) . However, in PrV, bovine herpesvirus 4, and murid herpesvirus 4, gH is incorporated into virions also in the absence of gL. Nevertheless, gL is required for entry (18) (19) (20) , pointing to a role beyond chaperoning.
While PrV gL is essential for membrane fusion during entry, direct transmission of infectivity to neighboring noninfected cells, a process which is also mediated by the core fusion machinery, occurs to a limited extent also in the absence of gL (19) . The capability for restricted cell-to-cell-spread of PrV-⌬gL was used for reversion analysis by repeated passages in cell culture. This led to the isolation of a revertant virus which replicated like the wild type, demonstrating that gL function can be compensated by mutations elsewhere in the virus genome (21) . The compensatory mutation in PrV-⌬gLPass could be attributed to the formation of a hybrid protein consisting of the N-terminal 271 amino acids of gD fused to the C-terminal 590 amino acids of gH, thereby deleting the gL-interaction domain (21) . This gDH hybrid protein is sufficient to complement not only the absence of gL but also lack of wild-type gH and gD, singly or in different combinations, and to induce extensive syncytia after coexpression with only gB (22) , indicating that gL is not directly involved in activating the fusion process.
The recently solved crystal structures of EBV gH/gL (23), HSV-2 gH/gL (24) , and a core fragment of PrV gH (12) , in combination with mutational analyses, shed further light on the function of the gH/gL complex. Despite low conservation of the primary amino acid sequences (25) , the gH structures were surprisingly similar, and the gH ectodomains could be divided into three (24) or four (12, 23) distinct regions. Domain I, comprising the N terminus of gH, is tightly associated with gL, and its secondary structure depends on presence of both proteins (23, 24) . In the PrV gH structure, which was derived from the gH core fragment present in the gDH hybrid protein (12, 21) , this domain is missing. Nevertheless, PrV gH domains II to IV can be easily correlated to the gH/gL structures of EBV and HSV-2 (12) . Domain II consists of a sheet of antiparallel beta-chains designated "fence" and a syntaxin-like bundle (SLB) consisting of three alpha-helices with structural similarities to cellular syntaxins (12) . Integrity of the SLB and flexibility between domains II and III are important for PrV gH maturation, transport, and function (26) . Domain III contains eight alpha-helices and harbors a highly conserved amino acid stretch (serine-proline-cysteine) which plays an important role in fusion (27) . Domain IV, the best conserved region of gH, is composed of two four-stranded beta-sheets with connection to a region designated the "flap," which covers a stretch of hydrophobic amino acids (12) . Recent studies indicated that movement of the flap and the subsequent exposure of the hydrophobic patch are important for PrV gH function during membrane fusion (28) .
We wondered whether formation of a gD-gH hybrid protein would be the only way to overcome absence of gL function. Thus, we repeated the passaging experiment with gL-deleted PrV and isolated additional infectious revertants which apparently did not produce the hybrid protein. Characterization of one of them, designated PrV-⌬gLPassB4.1, revealed compensatory mutations not only in gH but also in gB and gD, pointing to a tight regulatory balance between gD, gH(/gL), and gB.
MATERIALS AND METHODS

Cells and viruses.
Rabbit kidney (RK13) and RK13-gH/gL cells (29) were grown in Dulbecco's modified Eagle's minimum essential medium (MEM) supplemented with 10% fetal calf serum at 37°C. All viruses used in this study were derived from PrV strain Kaplan (PrV-Ka) (30) . PrV mutants lacking gL have been described previously (19, 29) .
Passaging of PrV-⌬gL. Passaging of PrV-⌬gL was done as described before (21) . Briefly, RK13 cells were incubated with PrV-⌬gL at a low multiplicity of infection (MOI), trypsinized when the cell monolayer was confluent, and reseeded until infectivity in the supernatant was stably detectable. Subsequently, the precleared supernatant was used to infect fresh RK13 cells. One single-plaque isolate derived from the supernatant of the 100th passage and designated PrV-⌬gLPassB4.1 was further characterized.
In vitro growth kinetics. For analysis of growth kinetics, RK13 cells were infected with PrV-Ka, PrV-⌬gL, or PrV-⌬gLPassB4.1 at an MOI of 0.5 for 2 h at 4°C. The inoculum was removed, prewarmed medium was added, and cells were incubated for 2 h at 37°C. Thereafter, virus that had not penetrated was inactivated by low-pH treatment (31) . Cells and supernatant were harvested at different times after inactivation and titrated on RK13 and RK13-gH/gL cells. For plaque size measurement, cells were infected with the same set of viruses under plaque assay conditions for 2 days. Cells were fixed and analyzed by indirect immunofluorescence using an anti-pUL19 serum (32) . Images were taken using a Nikon Eclipse Ti-S fluorescence microscope, and plaque areas were measured using the Nikon NIS-Elements imaging software (Nikon, Düsseldorf, Germany).
Expression plasmids. Generation of expression plasmids for PrV-Ka gB, gD, gH, and gL has been described previously (22) . pcDNA-gB008 expresses a truncated gB lacking the C-terminal 29 amino acids (aa), including predicted endocytosis motifs (33) . It possesses a higher fusogenic potential than full-length gB (22) . The open reading frames of PrV-⌬gLPassB4.1 gB and gH were amplified by PCR and cloned as described previously (22, 33) . The gD B4.1 open reading frame was PCR amplified from PrV-⌬gLPassB4.1 genomic DNA using primers gDfw and gDrv (Table 1), and truncated gB B4.1 (gB B4.1 008) was obtained with primers gB ASS FW (33) and gBmut⌬K 883 /008R ( Table 1 ). The numbering of amino acids in gB is derived from GenBank accession number JF797218.1 (34) , while the other proteins were deduced from accession number JQ809328.1 (35) . PCR products were cloned into pcDNA3 (Invitrogen) via restriction sites which had been introduced by the primers. Expression plasmids for gB Ka E 290 G, gB Ka G 672 R, and gB Ka E 290 G/G 672 R as well as for mutants gD B4.1 V 25 A, gD B4.1 V 106 A, gD B4.1 FS 379 (frameshifted), gD Ka A 25 V, gD Ka A 106 V, and gD Ka A 25 V/A 106 V were generated using the QuikChange II XL sitedirected mutagenesis kit (Agilent) as described recently (27) and primers shown in Table 1 . Expression plasmids for gB Ka ⌬K 883 , gB E 290 G/⌬K 883 , and gB Ka G 672 R/⌬K 883 were created by ligation of BamHI/FseI cleavage products derived from pcDNA-gB or the respective mutated plasmids and pcDNA-gB B4.1 . Correct mutagenesis and cloning were verified by sequencing. Protein expression was controlled by indirect immunofluorescence and Western blotting after transfection into RK13 cells (data not shown).
Fusion assays. Fusion activity of the different glycoprotein mutants was tested after transfection of RK13 cells as described recently (27) . Approximately 1.8 ϫ 10 5 RK13 cells per well were seeded into 24-well culture dishes. On the following day, cells were transfected with 125 ng each of the expression plasmids in different combinations and with pEGFP-N1 (Clontech) as a marker in 50 l serum-free MEM using 1 l polyethylenimine (PEI). Empty vector (pcDNA3) served as negative control. The mixture was incubated for 15 min at room temperature and then added to the cells. After 24 h at 37°C, cells were washed with phosphate-buffered saline (PBS), fixed with 3% paraformaldehyde (PFA) for 20 min, and washed two times with PBS. Syncytium formation was analyzed using a Nikon Eclipse Ti-S fluorescence microscope and the Nikon NIS-Elements imaging software (Nikon, Düsseldorf, Germany). The area of cells with three or more nuclei within 10 fields of view was measured, and the mean value was multiplied by the number of syncytia to give the total fusion activity. The experiment was repeated three times, and average percent values with respect to control transfections, as well as standard deviations, were calculated.
RESULTS
Isolation of PrV-⌬gLPassB4.1.
In the first passaging experiment, a PrV-⌬gL revertant which efficiently entered cells in the absence of gL after formation of a hybrid gene expressing a gDH hybrid protein was isolated (21) . Since the formation of this hybrid gene was unexpected, we tested whether it would be repeated in an independent passaging experiment or whether other compensatory mutations inducing membrane fusion in the absence of gL could be unraveled. From the supernatant of an independent passage experiment with RK13 cells, one isolate, designated PrV-⌬gLPassB4.1, was further investigated.
Characterization of PrV-⌬gLPassB4.1 in cell culture showed, in contrast to PrV-⌬gL, productive virus replication in noncomplementing cells, with plaque areas reaching approximately 80% and 20-to 80-fold-lower titers than PrV-Ka ( Fig. 1 ). Virus propagation on gL-expressing cells had no influence on the in vitro replication properties (data not shown), corroborating the gLindependent phenotype.
Sequencing of genes encoding glycoproteins involved in fusion in PrV-⌬gLPassB4.1. To test whether changes in the components of the herpesvirus fusion machinery account for the gLindependent entry and membrane fusion mechanism, the complete open reading frames encoding gH, gB, and gD were amplified from genomic PrV-⌬gLPassB4.1 DNA and cloned into the eukaryotic expression vector pcDNA3 (Invitrogen). Sequencing of the gH B4.1 open reading frame revealed two amino acid changes, L 70 P and W 103 R, which are both located in the predicted gL-binding domain. PrV-⌬gLPassB4.1 gB contains two amino acid changes in the ectodomain (E 290 G and G 672 R) and a deletion of a lysine residue at position 883 (⌬K 883 ) in the cytoplasmic domain, while gD specifies two point mutations in the ectodomain (A 25 V and A 106 V) and a frameshift mutation after codon 378 leading to an altered and truncated cytoplasmic tail ( Fig. 2) .
Mutations in the predicted gL-binding domain of gH B4.1 substitute for gL in transient cell-cell fusion assays. As shown before, cotransfection of expression plasmids encoding PrV glycoproteins gB, gH, and gL results in the formation of multiple syncytia (22) . In contrast to a similar assay reported for HSV-1 (36) , addition of the plasmid encoding PrV gD only moderately enhances fusion, while omission of gL significantly reduces fusion (22) . In both systems, however, in the absence of gB or gH expression, syncytium formation was reduced to background levels.
To analyze the effects of the mutations in the predicted gLbinding domain of gH B4.1 , RK13 cells were transfected with plasmids coding for gB Ka and gH Ka or gH B4.1 in the presence or absence of gL expression. At 1 day posttransfection, the area of cells containing more than two nuclei was measured and multiplied by the total number of syncytia. Mean values from three independent assays with corresponding standard deviations are shown in Fig. 3 . Results from assays with gB Ka , gH Ka , and gL were set as 100%. Substitution of gH Ka by gH B4.1 resulted in an only slightly reduced total fusion activity, but in contrast to assays with gH Ka , expression of gL had no enhancing effect, demonstrating gL-independent function.
Mutations present in gB B4.1 enhance cell-cell fusion. To test for the influence of the mutations in gB B4.1 , it was coexpressed with gH Ka . Coexpression increased fusion activity by approximately 2.5-fold compared to that in assays with gB Ka , gH Ka , and gL. Syncytium formation was further augmented by coexpression of gB B4.1 with the homologous gH B4.1 , which resulted in approximately 6.5-fold-higher values (Fig. 4 ). Additional expression of gL had no effect (results not shown).
To elucidate which of the three amino acid changes in gB B4.1 account for the higher fusion activity, the mutations were introduced into gB Ka singly or in combinations. Fusion activity was tested by coexpression of gH Ka and the different gB mutants, and fusion activity observed with gB B4.1 and gH Ka was set as 100%. The single-amino-acid substitution G 672 R and the deletion of lysine at position 883 (⌬K 883 ) increased fusion activity compared to that of gB Ka (Fig. 5 ), while pronounced syncytium formation similar to that of gB B4.1 was achieved by the combination of both mutations. The replacement of glutamate with glycine at position 290 had no significant effect on fusion (Fig. 5) .
Deletion of the C-terminal 29 amino acids in PrV-⌬gLPassB4.1 gB results in excessive cell-cell fusion. Deletion of 29 amino acids from the C terminus of gB Ka , including predicted dileucine-and tyrosine-based sorting signals, resulted in the accumulation of gB at the cell surface and significantly enhanced fusion activity (22, 33) . To analyze whether the same C-terminal truncation further increases fusion activity of gB B4.1 and whether this might be suffi- To test whether the mutations present in gH B4.1 are sufficient to compensate for lack of gL, RK13 cells were cotransfected with expression plasmids for gB Ka and gH Ka or gH B4.1 in the presence or absence of gL expression as indicated. Results from assays with gB Ka , gH Ka , and gL were set as 100%. As a negative control, an assay with the gB Ka expression plasmid only (the DNA amount was adjusted by addition of empty vector) was used. The relative fusion activity (number of syncytia ϫ syncytium area) with corresponding standard deviation from three independent experiments is depicted. cient for gB-only-mediated membrane fusion, gH Ka was coexpressed with either full-length gB Ka , C-terminally truncated gB Ka 008, gB B4.1 , or C-terminally truncated gB B4.1 008 (Fig. 6) . Mean values from three independent experiments, with results from gB Ka 008 coexpressed with gH Ka set as 100%, and corresponding standard deviations are shown in Fig. 6A . Full-length gB B4.1 already showed levels of syncytium formation comparable to those of the highly fusogenic gB Ka 008. However, coexpression of gB B4.1 008 with gH Ka resulted in excessive syncytium formation, with 3.5-fold-higher values. However, despite this extreme fusion activity with gH Ka , gB B4.1 008 alone was not sufficient to induce cell-cell fusion above background levels. Representative images are shown in Fig. 6B .
PrV-⌬gLPassB4.1 gD inhibits cell-cell fusion. Although PrV-⌬gLPassB4.1 showed a syncytial phenotype in cell culture (Fig. 1) , hyperfusion as observed after coexpression of gB B4.1 and gH B4.1 in transient assays was not obvious. To investigate the influence on fusion of gD B4.1 , which carries two amino acid substitutions (A 25 V and A 106 V) in the ectodomain and a frameshift mutation affecting the cytoplasmic tail (Fig. 2) , fusion assays were repeated in the presence of either gD Ka or gD B4.1 . As shown in Fig. 7 , coexpression of gD Ka slightly enhanced the number and size of syncytia not only with the wild-type glycoproteins but, even more significantly, also with gB B4.1 and gH B4.1 . In striking contrast, coexpression of gD B4.1 completely blocked syncytium formation in assays with the homologous PrV-⌬gLPassB4.1-derived proteins and also with the wild-type proteins (Fig. 7) .
The A 106 V mutation is responsible for the fusion inhibition of gD B4.1 . To test whether the amino acid substitutions in the ectodomain (A 25 V and A 106 V) or the frameshift mutation (FS 379 ) affecting the C terminus is responsible for the inhibitory effect of gD B4.1 , the different mutations were introduced into gD Ka or repaired in gD B4.1 separately or in combinations. While the muta-tion A 25 V or the nucleotide insertion after codon 378 in gD Ka affected syncytium formation only slightly, the A 106 V substitution resulted in a complete abrogation of cell-cell fusion. Consistently, restoration of alanine at position 106 in gD B4.1 rescued fusion activity (Fig. 8) . The other mutations, either repaired in gD B4.1 or introduced into gD Ka , affected syncytium formation only marginally.
DISCUSSION
Most enveloped viruses use only one or two viral proteins for receptor binding and membrane fusion, and the molecular details are well understood for several of them (reviewed in reference 37). In contrast, the molecular basis for membrane fusion induced by herpesviruses, which engage four or more different proteins, is still largely enigmatic. We demonstrate here that the absence of a herpesvirus protein, gL, which normally forms a heterodimeric complex with gH and is essential for entry, can be compensated by mutations (i) within the gL-binding domain of gH resulting in loss of gL interaction, (ii) within gB enhancing its fusogenicity, and (iii) within gD to allow negative regulation of excess fusion.
Elucidation of the crystal structures of the key players in fusion from different herpesviruses has sparked studies on membrane fusion using targeted mutagenesis (26, 28, (38) (39) (40) (41) . Here, we used a different approach, designated reversion analysis, to select for spontaneous mutations which compensate for defects induced by the absence of a crucial component of the fusion-inducing machinery. Repeated passaging of respective deletion mutants in cultured cells resulted in the isolation of revertants which were able to productively infect cells in the absence of either gD, gL, or C-terminally truncated gB (21, 42, 43) . The absence of gL was compensated by the formation of a hybrid gene encoding the N-terminal 271 amino acids of gD fused to the 590 C-terminal amino acids of gH, thereby lacking the first 96 gH codons, which encompass the To test which changes in gB B4.1 are responsible for the higher fusion activity, mutations were introduced singly or in combinations into gB Ka . Fusion activity in combination with gH Ka was measured in cotransfected RK13 cells, and results from assays with gB B4.1 and gH Ka were set as 100%. Given are mean values from three independent experiments with corresponding standard deviations. To test for fusion activity of gB B4.1 , RK13 cells were cotransfected with combinations of plasmids expressing the different glycoproteins as indicated. Results from assays with gB Ka , gH Ka , and gL were set as 100%, and those with the gB Ka expression plasmid only (together with empty vector) served as negative control. Shown are the mean values and corresponding standard deviations from three independent experiments (these data, originating from a larger data set testing multiple variables, are also included in Fig. 7 ). predicted gL interaction domain (21) . This gDH hybrid protein was able to complement viruses lacking gD, gH, or gL singly or in combination (29) and was sufficient to induce efficient cell-cell fusion in transient-transfection fusion assays in combination with only gB (22) , reducing the number of proteins required for herpesvirus-induced membrane fusion to two.
From an independent passage experiment with gL-deleted PrV, we isolated another revertant, designated PrV-⌬gLPassB4.1. In this revertant, no genetic rearrangement comprising the gH or gD gene region was observed, but sequence analyses revealed two amino acid changes in the N-terminal gL-binding domain of gH (L 70 P and W 103 R). To test the impact of these mutations on membrane fusion, we used our transfection-based cell-cell fusion assay (27) . This assay partially reflects fusion during entry but more closely resembles fusion during direct cell-to-cell spread, for which gD is not required in PrV (44, 45) . Coexpression of PrV gB Ka , gH Ka , and gL Ka is sufficient to induce multiple syncytia in rabbit kidney cells without the need for activation of the core fusion machinery by binding of gD to cellular receptors (22) . This contrasts the situation found in HSV-1 (36) . Here, we show that PrV gH B4.1 in combination with gB Ka induced cell-cell fusion in the absence of gD and gL to an extent comparable to that observed after coexpression of all four wild-type proteins. This indicates that the two mutations in the N-terminal part of gH B4.1 are sufficient to compensate for the absence of gL and its function in membrane fusion. As a consequence, addition of the gL expression plasmid had no fusion promoting effect (Fig. 3) , and coprecipitation studies demonstrated that gH B4.1 is unable to interact with gL (data not shown). Unfortunately, gH domain I comprising the two amino acid substitutions was not present in the recently solved crystal structure of PrV gH (12) and is the least conserved region within herpesvirus gH proteins, so the impact of the amino acid substitutions on gH structure cannot be predicted. However, elucidation of the crystal structure of gH B4.1 might shed light on the conformation of a gH primed for fusion activation without gL.
Cell lines stably expressing gH B4.1 complemented plaque formation by mutants lacking gL, gH, or both proteins simultaneously to approximately 80% of wild-type virus diameters, but titers derived from these cells reached only approximately 10 4 PFU/ml (data not shown). This indicates that the two amino acid substitutions in gH B4.1 compensate for gL function during direct cell-cell spread but are not sufficient to compensate for all gL functions during the viral replication cycle. Since, therefore, additional mutations must have occurred, we focused on the other components of the fusion machinery as the most auspicious candidates. In contrast to the first PrV-⌬gLPass revertant (21), analysis of PrV-⌬gLPassB4.1 disclosed additional mutations in gB and gD. gB B4.1 specifies two amino acid substitutions in the ectodomain and a deletion of one of two consecutive lysine residues present at positions 883 and 884 in the cytoplasmic tail (⌬K 883 ). Fusion assays showed that gB B4.1 in combination with gH Ka resulted in fusion activity 2-to 3-fold-higher than that of PrV-Ka gB and gH/gL (Fig. 4) . Coexpression of gB B4.1 with the homologous gH B4.1 further increased fusion by 6.5-fold ( Fig. 4) , indicating that mutations present in both proteins act cooperatively on membrane fusion. To test which mutation(s) is/are relevant for the enhanced fusogenicity of gB B4.1 , they were introduced singly and in combinations into gB Ka . Simultaneous replacement of glycine 672 by arginine (G 672 R) and deletion of lysine at position 883 (⌬K 883 ) resulted in gB B4.1 -like fusion activity, while the substitution E 290 G had no significant influence (Fig. 5 ). Glycine 672 in PrV gB corresponds to the well-conserved G 644 in HSV-1 gB, which is located in domain IV (5) . This domain of HSV-1 gB is postulated to undergo extensive conformational rearrangements during the conversion of the pre-to the postfusion form (5, 46) . It is conceivable that the replacement of the small and neutral glycine by the bulky and charged arginine decreases the necessary energy for this conformational change.
The cytoplasmic domain of gB plays an important role in fusion regulation (33, (47) (48) (49) (50) (51) (52) (53) . Cell-cell fusion in transfection-based assays could be significantly enhanced by deleting the most C-terminal amino acids, including the predicted endocytosis motifs (33, (52) (53) (54) (55) (56) . Although it was originally speculated that enhanced presence of gB at the plasma membrane increases cell-cell fusion, recent data showed that the degree of surface localization is not necessarily causally related to increased fusion (52) .
For EBV and HSV-1 gB, it could be shown that the cytoplasmic tail interacts with lipid membranes (48, 49, 57) . Recent data indicate that predicted alpha-helical domains in the cytoplasmic tail of HSV-1 gB, designated h3 and h2b, function as clamps for stabilization of the prefusion form (53) . For PrV gB, two helical regions are predicted in the cytoplasmic tail (33) . The absence of helical domain II in PrV gB008 resulted in significantly enhanced fusion (22) . Lysine residues at position 883/884 are located at the C-ter-minal end of helical domain I. Deletion of one of the basic amino acids may weaken this interaction with the membrane, thereby reducing the constraint on fusion. Whether electrostatic interactions with the membrane indeed play a role in fusion regulation has yet to be verified.
Coexpression of full-length gB B4.1 with gH Ka and gL already resulted in fusion activity similar to that with gB Ka 008 lacking the C-terminal 29 amino acids (Fig. 6 ). An identical C-terminal deletion increased fusion activity of gB B4.1 further, by approximately 3-fold compared to that of gB Ka 008 and gB B4.1 . Restoration of lysine 883 of gB B4.1 008 did not affect syncytium formation (data not shown), supporting the hypothesis that the gB cytoplasmic tail modulates fusion and that both changes, deletion of several amino acids from the C terminus and deletion of a single basic residue, affect the fusion process similarly by altering gB membrane interactions.
Considering the hyperfusogenic activity of gB B4.1 with gH B4.1 in transient-transfection fusion assays, it is surprising that PrV-⌬gLPassB4.1 is competent to replicate at all and does not exhibit an excessive syncytial phenotype (Fig. 1 ). This could be due to the mutations present in the putative receptor-binding domain in gD B4.1 and/or the frameshift in the cytoplasmic tail, which shortens the protein and deletes a functional endocytosis motif (YRLL) ( Fig. 2) (58) . Coexpression of gD B4.1 in fusion assays completely inhibited syncytium formation ( Fig. 7) , demonstrating a dominant negative effect on membrane fusion, which was also observed in the simultaneous presence of gD Ka (data not shown). The A 106 V mutation seems to play the major role, since its introduction into gD Ka (gD Ka A 106 V) inhibited fusion completely. However, introduction of A 25 V into gD Ka also moderately reduced fusion to 80%, and repair of V 106 A in gD B4.1 resulted in only approximately 60% of wild-type fusion activity (Fig. 8 ). Further studies including insertion of the mutated and wild-type versions of gD into the wildtype and passaged virus backgrounds are needed to investigate the molecular basis for the fusion-inhibiting function of gD B4.1 .
In summary, our results show that absence of PrV gL can be functionally compensated not only by formation of a gDH hybrid protein but also by a combination of point mutations in gH, gB, and gD. The mutations present in gH B4.1 are located in the gLbinding domain and might mimic the gD-activated gH/gL complex. Mutations present in the ectodomain and in the cytoplasmic tail of gB B4.1 could facilitate the conformational change from the pre-to the postfusion form and resulted in a hyperfusogenic phenotype. Excessive fusogenicity, however, seems to be counteracted by mutations in gD B4.1 which inhibit fusion in transient-transfection assays to restrict it to a level compatible with productive virus replication.
